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Equation of State of Nuclear Matter in 1584 GeV Pb + Pb Collisions
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Within a hydrodynamical approach we investigate the sensitivity of single inclusive momentum
spectra of hadrons in584 GeV Pb+ Pb collisions to three different equations of state of nuclear
matter. The initial conditions before the evolution of the fireballs and the space-time evolution
pictures differ dramatically for the three equations of state when the same freeze-out temperature is
used in all calculations. However, the softest of the equations of state results in transverse mass
spectra that are too steep in the central rapidity region. We conclude that the transverse particle
momenta are determined by the effective softness of the equation of state during the fireball expansion.
[S0031-9007(98)05858-X]

PACS numbers: 24.10.Jv, 21.65.+f, 24.85.+p, 25.75.—q

A goal of studying ultrarelativistic heavy ion collisions of € and n. In the following, we shall assume that in
is to understand nuclear matter under extreme conditiongarticular then dependence is negligible for the energy
such as high energy density, high particle density, andegime under consideration. From only the knowledge of
whether a transition from a quark-confined hadron stat¢he speed of soundﬁ(e), one can then calculat€(e) by
to the deconfined state (quark-gluon plasma, QGP) takesvaluating the integral [8]
place (see, e.g., Ref. [1]). A highly excited state of matter .
and a possible transition to a QGP will occur at the early 2(e) = 1 f c(e)de'. 2)
stages of the heavy-ion collisions; these differences will € Jo
be reflected in different equations of state for nuclear Assuming an adiabatic expansion, the temperature,
matter. These in turn will affect the maximum energy 7 (e), can be calculated from [8]
density and compression achieved in a heavy ion reaction. . 2
To investigate the nature of the hadronic equation of T(e) = Tpex _colede’ 3)
state and possible phase transitions, it is very important o [1+ c2(eN]e |
to obtain information about the conditions that exist at - i
maximum compression, the subsequent evolution of th&/here 7o = T(ey) has to be specified for an arbitrary
system, and the final free hadrons that can be measured Yg'ue Of€o. _ o
the detectors. Three equations of state are discussed in this study.

The equation of state (EOS) is part of a hydrodynamic! € first one, EOS-I, which we use in the following,
model, and the connection between the EOS and exper@Xhibits a phase transition to a quark-gluon plasma at
mental observables is relatively direct. In order to ad- critical temperaturd, = 2003 MeV with a critical en-
dress issues raised above, we shall use the simulation cofE8Y densitye. = 3.2 GeV/fm” (cf. Ref. [9], and refer-
HYLANDER-C (cf. Ref. [2], and references therein), with €nces therein [2]). The second equation of state, EOS-I,
different equations of state and Cooper-Frye freeze-odf @IS0 a lattice QCD-based EOS which has recently be-
[3], to predict the single particle momentum distributions.cOme very popular in the field of relativistic heavy-ion
The experimental spectra from tHé8A GeV Pb+ Pb physics (cf. 'R.’ef. [10]). This equat!on of s'tgte includes a
collisions, measured by the NA44 [4,5] and NA49 Col- phase transition af, = 160 MeV with a critical energy

laborations [6], are used as fit criteria for the hydrody-denSityEC =~ 1.5 GeV/fm’. The third eqqation of _state,
namical (one-fluid-type) calculations. EOS-III, has been extracted from the microscopic trans-

In our approach, virtually any type of EOS can be Port model RQMD [11] under the assu_mption of comp_lete
considered by solving the relativistic Euler equationslocal thermalization [12], and doewt include a transi-
[7]. The coupled system of partial differential equationstion t0 @ QGP. In Fig. 1 the three equations of state are
necessary that describe the dynamics of a relativistic flui@!otted in many different representations. For instance,

(with given initial conditions) contains an equation of " Fig. 1(d) the plot ofc® = P(e)/e emphasizes the 3ex—
state which we write in the form istence of a minimum i /e ate = €. = 3.2 GeV/fm

5 (=1.5 GeV/fm?) for EOS-I (EOS-II), referred to athe
P(e,n) = c“(e, n)e. (1) softest poinbf the EOQS. It corresponds to the boundary
In Eq. (1), the quantitie®, €, andn are the pressure, between the generalized mixed phase and the QGP [10].
the energy density, and the baryon density, respectivel\As seen in Fig. 1, EOS-II yields a much softer equation
The proportionality constant;?, is in general a function of state than does EOS-I.
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03 E” TABLE I. EOS Parameters.
we 02f A EOS-| EOS-II EOS-III
“ 01f T a 4/15 0.2582 0.15
N B 1/15 1/6 0.02
03 E v 0.24 10.0
@ E o 1.05 0.0915 2.00
~
< 02 < & 0.15 1.50
B oaf ® 0.73
ok €' [GeV/fm?] 0.27 2.80
o et € [GeV/fm?] 3.20 145 1.00
E 10} = 7 [Mev] 200 160 180
~ 3 D
o L &
© 10f : = - | o
w TR . et I R, that an initial transverse fluid velocity field is absent,
01 02 03 10 1 10 and the initial longitudinal distributions for energy den-
T [GeV] ¢ [GeV/fm’] sity, €, and baryon density;g, are smeared out with a

Woods-Saxon parametrization in the transverse direction,
FIG. 1. Energy density,c, ratio of pressure and energy r, (cf. Ref. [15]). The choices for the initial parameters,
density, P/e, speed of sound¢p, and temperature7, as  which in each case provide the best fit results for the

functions of T and/or €, for the equations of state EOS-I i i ; ;

(solid lines), EOS-II (dashed lines), and EOS-IIl (dotted lines),"2dronic single inclusive momentum spectra of the two
respectively (see text). The open circles in plot (d) correspondonsidered experiments, are listed in Table I1.

for each EOS to the starting values Bf/e with respect to The maximum initial energy density isex =
the achieved initial maximum energy density at transverse 15.3 [6.55 (8.66)] GeV/fm?, and the maximum ini-
positionr, = 0, whereas the filled squares represent the finakjal baryon density isng™ = 3.93 [1.24 (1.92)] fm~3,
values ofP /e at breakup energy densities;. for EOS-I [EOS-II (EOS-III)], respectively; 71% [30%

(36%)] of the baryonic matter is initially located in the
The parametrizations for the speed of sound which wé&entral fireball region. Hence, EOS-I predicts a much
have used here are [8] larger stopping than EOS-IIl does, and EOS-III predicts a
5 much larger stopping than EOS-II does.
cy(e) ={a + p tany In(e/ep) + 5]} Figure 3 shows results of the hydrodynamical calcula-

(1 - &r2 tions compared to the single inclusive momentum spectra
X |1 - (/o) + T2 (4)  of the 1584 GeV Pb+ Pb collisions which have been
0 measured by the NA44 [4,5] and NA49 Collaborations
in the case of EOS-, [6]. All single inclusive momentum spectra have been
c2(€) = a + B tanffy In(e/€o)] evaluated in the nucleus-nucleus center of mass system
(yem. = 2.91), and for all calculations the freeze-out tem-
— & tanh¢ In(e/€)] (5)  peratureT; = 139 MeV has been used. The energy den-
in the case of EOS-II, and sity at freeze-out ig; = 0.292 [0.126 (0.130)] GeV/fm?
s . for EOS-I [EOS-II (EOS-III)]. In particular, the freeze-out
cdle) = {(C)V — B(e/e&)’: € i 6/’ (6)  energy densityes, is a factor~2.2 larger in the calculation
. € €
in the case of EOS-IIl. The parameters of Eqgs. (4)—(6)
and the choices fofy, = T'(e) are listed in Table I. = 20 e o T s [T
In the following it is assumed that due to an experimen- £ @ ] & E 52 r (© ]
tal uncertainty for the centrality of the collision, only 90% g ] e 15
of the total available energy and the total baryon numbei= 10 ... . ERaR
have been observed. It is then possible to find initial dis- 12 tr i
tributions for the three equations of state, such that one \ . - Y.

can reproduce the singlg inclusive. momentum spectra o 00 05 1 15 2 ) 00 05 1 15 2
1584 GeV Pb+ Pb collisions (cf. Fig. 3). 2 [fm] 2 [fm] 2 [fm]

Figure 2 shows the initial distributions for the en- - S _
ergy density,e(z), the baryon densitynz(z), and the FIG. 2. Initial distributions of (a) the energy density,
fluid rapidity, yr(z), plotted against the longitudinal co- (P) the baryon densityn;, and (c) the fluid rapidity,yr,
ordinatez. We use here for the initial distributions the plotted ‘against the longitudinal coordinate at transverse
e Z. v . - . position r; = 0. The solid [dashed (dotted)] lines indicate
initial condition scenarios which have been extensivelythe initial distributions for the calculation using EOS-I [EOS-II
described in Refs. [13,14]. In particular, it is assumedEOS-III)].
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TABLE Il. Properties of the fireballs. 250 & 10* gy
- v 10°
EOS-I EOS-l EOS-II 200 2 1k
L 2 K
Initial parameters o 1m0 . 108

Relative fraction of thermal energy 3 150 [ = L
in the central fireballK; 0.55 0.20 0.28 % 100 F 5 10K

Longitudinal extension of the Z 10k
central fireball,A [fm] 120  1.00  1.10 50 A

Rapidity at the edge of the central & 10, Eoo N,

. fll’%k.:)ta”,{A . — 1.00 0.85 0.90 0_3 ~ 10 0 05 1 15 2 25
apidity at maximum of initia i 2
baryony distribution, y,, 0.80 1.50 1.10 m, - mass [GeV/c’]

Width of initial baryony 60 [ 10—
distribution, o 0.32 1.00 0.60 503 3 104:

Output P = 10°

Maximum initial energy density, 2 r _g 102k
ex [GeV/fm3] 153  6.55 8.66 > 30 F < :

Maximum initial baryon density, S 9 b 3 %

& [fm=3] 393 124 1.92 F ¢ 1

Relative fraction of baryons in 10 F, \ E
central fireball f; 071  0.30 0.36 0 et M EREPC] SR

Freeze-out energy density, 3-2-101 23 0 0.5 1
€; [GeV/fm?] 0.292 0.126 0.130 Rapidity y m, - mass [GeV/c?]

Maximum transverse velocity at
freeze-outy™* [] 0.46 0.30 0.42 FIG. 3. (a) Rapidity spectra and (b) transverse mass spec-

Lifetime of fireball, fmay [fm/c] 131 29.3 273  tra, (1/m )dN/dm dy, of negative hadrons;™, (c) rapidity

Lifetime of QGP, rqgp [fm/c] 24 30 spectra of protons (without contributions fronf decay) and

(d) transverse mass spectd/m,)dN /dm ., of protons (in-
cluding contributions fromA°® decay), p, positive kaonskK*,
and positive pionsg*, respectively. The solid [dashed (dot-

; _ ; ted)] lines indicate the results of the calculations when us-
using EOS-I compared to the other two calculations. Ining equation of state EOS-l [EOS-Il (EOS-Il)]. The open

specting Fig. 4, we found that the total lifetime of the cjrcies represent preliminary data taken by the NA49 Col-

fireball is reduced by approximately this factor in the|aboration, whereas the filled squares represent final data taken

calculation using EOS-I. Figure 4 also shows that EOS-lby the NA44 Collaboration.

and EOS-III yield fireballs of similar lifetimes (cf. also

Table Il). These particular features show up in Bose- : . PP —
; . . . . For the given total fireball lifetimesma =ty — ¢;,

Einstein correlation (BEC) calculations (cf. Ref. [2]); / ; me : :

more on BEC will be published elsewhere [16]. The rela—the effective P/e of EOS-II is obviously too small,

tivelv st Hect in t ticl lation functi whereasP/e of EOS-I and EOS-Ill appear to have
Ively strong etlect in two-particie correiation TUNCUons e correct effective softness. We stress that the total
was also observed in a recent report [17].

) . . lifetime, ¢ in the case of EOS-l is reduced by a
All three calculations yield reasonable agreement with P ome y

both experiments. However, the calculations for the very
soft EOS-Il yield transverse mass spectra that are toc 35
steep in the central rapidity region. The magnitudes of . | E0s-I EOS-III
the slopes in the transverse mass spectra have their origi

in the transverse velocity fields at freeze-out. For EOS-Il —
its corresponding transverse velocity field is the weakesi™ 20
(cf. Table II) of the three EOS. In fact, it is about 30% § 15
smaller than the transverse velocity fields for EOS-I and +~
EOS-IIl. The final velocity is proportional to the time
integral

‘/lf ﬂ (t/) dt/, (7) 00 10 20 30 O 10 20 30 0 10 20 30
. "oc . . z [fm]
where P/e is proportional to the fluid acceleration o
[18,19]. In Fig. 1(d) we exhibit for each EOS we used FIG. 4. Isotherms for the relativistic fluids governed by EOS-

. ; o .|, EOS-Il, and EOS-IIl atr; = 0, respectively. The outer
the starting values 9?/6 with respect to thg |_n|t|al Maxi-  jines correspond to a temperaturg,— 139 MeV, and each
mum energy density, at transverse position; = 0 successively smaller curve represents an increase in temperature
and the final values of /e at breakup energy densities, by AT = 20 MeV. The linesc = 1 represent the light cone.
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